Information compression is a general principle of human language: the most frequent words are shorter in length (Zipf's Law of Brevity) and the duration of constituents decreases as the size of the linguistic construct increases (Menzerath-Altmann Law). Vocal sequences of non-human primates have been shown to conform to both these laws, suggesting information compression might be a more general principle. Here, we investigated whether display songs of the African penguin, which mediate recognition, intersexual mate choice and territorial defence, conform with these laws. Display songs are long, loud sequences combining three types of syllables. We found that the shortest type of syllable was the most frequent (with the shortest syllable being repeated stereotypically, potentially favouring signal redundancy in crowded environments). We also found that the average duration of the song's constituents was negatively correlated with the size of the song (a consequence of increasing the relative number of the shortest syllable type, rather than reducing the duration across all syllable types, thus preserving the communication of size-related information in the duration of the longest syllable type). Our results provide the first evidence for conformity to Zipf's and Menzerath-Altmann Laws in the vocal sequences of a non-primate species, indicating that these laws can coexist with selection pressures specific to the species' ecology.
Introduction
Quantitative linguistics is directing increasing research effort towards the identification and study of universal statistical patterns, known as 'linguistic laws', occurring in human, animal and artificial communication systems [1] [2] [3] . Among these, of particular importance are Zipf's Law of Brevity and the Menzerath-Altmann Law. Zipf's Law postulates that more frequent elements tend to be compressed [4] and has been found to apply in all tested human languages, where the words used most often are shorter [5, 6] . Similarly, the Menzerath-Altmann Law postulates that, in human language, the size of the constituents (e.g. phonemes) of a construction (e.g. morpheme) decreases with increasing size of the construction [7] . Overall, these two principles suggest that, in human vocal communication, the maximization of coding efficiency and minimization of code length act as selective pressures to compress the elements supporting information.
Comparative studies have found evidence for the occurrence of the Zipf's Law of Brevity in vocal sequences of non-human primates [8, 9] , and some authors suggested that, in vocal sequences, vocal compression might be a general principle beyond the human language [10] . However, a lack of conformity to the law has been found in the vocal repertoire of golden-backed uakaris (Cacajao melanocephalus) [9] . More recently, the size of vocal sequences uttered by wild gelada males (Theropithecus gelada) was found to be negatively correlated with the duration of the calls constituting the sequences, providing the first indication of Menzerath-Altmann Law conformity in a non-human primate [2] . Evidence of conformity to Menzerath-Altmann Law also comes from Chimpanzee pant hoots [11] . However, more taxa remain to be investigated, especially beyond primates, to develop a broader understanding of the occurrence and significance of such statistical patterns in animal vocalizations.
Sequences of acoustic elements are ubiquitous in animal vocal communication systems [12] . Several mammals, such as bats, carnivores, cetaceans, primates and rodents, produce sequences of acoustic units to convey information on species identity, predators and resources [13] [14] [15] . Nevertheless, most research in this area has focused on learned bird songs. Bird songs are series of discrete acoustic elements, usually referred as 'syllables', separated by silent intervals [16] , that mediate mate choice, social recognition and territorial defence. Accordingly, the sequence can encode a variety of information ranging from the individual identity of the emitter to its physical quality and social rank [17] .
The use of vocal sequences is also common in seabirds [18] , despite the absence of evidence for vocal production learning. It is particularly prevalent in penguins [19] , a family of non-flying seabirds that diverged from the main bird lineage approximately 71 Ma [20] and have evolved a complex vocal repertoire comprising both calls and display songs [19, [21] [22] [23] . Display songs are made of sequences of identical and redundant acoustic units, whose spectral envelope encode cues to the individual identity of the emitter [24] . However, as an exception to this general rule, the ecstatic display songs (hereafter EDS) of African penguins (Spheniscus demersus) are made of sequences of three distinct and discrete acoustic elements (hereafter syllables). EDS are typically composed of an initial series of short (0.18 ± 0.05 s) 'type-A' syllables followed by a longer (1.14 ± 0.33) type-B syllable, both produced on exhalation [21] . Following the emission of each type-A or type-B, penguins can produce a further type of syllable of intermediate duration (0.38 ± 12) while inhaling air (type-C) [21] . This resulting unusual pattern of inhalation/exhalation calls resembles a donkey bray, hence this species' vernacular name: the 'jackass penguin' [19] . Moreover, in Spheniscus penguins, the duration and fundamental frequency of the type-B syllables correlates with the body size of the emitter, suggesting that the spectrotemporal features of this syllable type may function to advertise respiratory capacity and thus quality in intersexual mate choice or intrasexual competition contexts [25] .
Our study investigated whether EDS of the African penguin conform to Zipf's Law of Brevity and the Menzerath-Altmann Law. In particular, we tested whether (i) the length of the syllables decreases with their frequency of use and (ii) the average duration of the constituting syllables decreases as the size of the vocal sequence increases.
Material and methods (a) Acoustic recordings
We recorded 590 ecstatic display songs (figure 1) from 28 adult African penguins (mean per bird = 21.07, s.e. = 3.05) belonging to three different ex situ colonies in Italian zoos. Detailed information for each colony as well as the contribution of each bird recorded in this study is provided in the electronic supplementary material. We collected vocalizations during the breeding periods in 2016 and 2017, using a focal animal sampling method [26] . We used a RØDE NTG-2 super-cardioid microphone (frequency response 20 Hz-20 kHz, sensitivity −36 ± 2 dB re 1 V/Pa at 1 kHz, max SPL 131 dB) handled using on a RØDE PG2 pistol grip and placed 5-10 m from the vocalizing individuals. The microphone output signal was digitalized using a TASCAM DR-680 or TASCAM DR-40 professional recorders at 44.1 kHz sampling rate and saved into an internal SD memory card in WAV format (16-bit amplitude resolution).
(b) Analysis of acoustic sequences
Spectrograms of EDS were visually inspected in Praat v. 6.0.43 [27] by EF and EC. Using a one-layer TextGrid object, we assigned each vocal element to a syllable type based on its spectrotemporal features, as previously described in the literature [19, 21] . Overall, we identified 7495 syllables (type-A = 4440; type-B = 1298; type-C = 1757). Subsequently, 5% of the syllables were randomly chosen to be inspected by a third observer (L.F.). The inter-observer reliability was extremely high (Cohen's κ coefficient = 0.99).
Using a custom-built script in Praat, we calculated the number of syllables constituting each EDS (sequence size), the duration of the vocal sequence, the duration of each single syllable and the proportion of each syllable type (number of syllables of a given type divided by the total number of syllables).
(c) Statistical analysis
To investigate whether the type of syllable has an effect on the frequency of use, we built linear mixed effect models (LMM) using the lmer package [28] in R v. 3.5.2 [29] . We included the syllable proportion in the EDS as the response variable and the type of syllable as fixed factor. The individual, colony and size of the vocal sequence were included as random effects to account for repeated measurements. We looked at a qqplot and the distribution of the residuals plotted against the fitted values to check for the assumptions that the model residuals were homogeneous and normally distributed. Using a likelihood ratio test [30] , we then tested the significance of a 'full model' comprising both the fixed and random factors against a 'null model' comprising the random factor exclusively [31] . The α-value for the predictor was calculated using the R-function 'drop1' [32] . Moreover, using the 'multcomp' package, we performed a Tukey post hoc test for which we reported estimate, z-and p-values. Finally, to confirm that the resulting most frequently used syllable type corresponded to the shortest in duration, we built an additional LMM model using the duration of the syllable as the response variable, the type of syllable as a fixed factor and the individual, colony and EDS as random effects.
Furthermore, we explored the relationship between the number of the syllables constituting the EDS (i.e. sequence size) and their duration with an LMM where the duration of the syllables was used as the response variable and the total number of the syllables as a fixed factor. The individual and colony were included as random effects. Since an effect of the predictor was detected, we further investigated whether this was due to a change in the type of syllables constituting the sequences or variation in the duration of specific syllable types. Accordingly, we ran six LMMs (two for each syllable type), royalsocietypublishing.org/journal/rsbl Biol. Lett. 16: 20190589 using the total number of the syllables in the EDS as a fixed factor and, as the response variable, the number of syllables of that given type and their duration, respectively. For all these models, the individual and colony were included as random effects to account for repeated measurements.
Results
We found that in display songs of the African penguin, the proportion of type-A syllables (mean ± s.d. = 0.58 ± 0.16) is far greater than those of the type-C (0.24 ± 0.09) and than those of the long type-B (0.18 ± 0.08). Accordingly, the LMM models detected a strong effect of the type of syllable on its frequency of use (LMM full versus null: χ2 = 2008.772, d.f. = 1, p < 0.001; Tukey post hoc: type-A versus type-B estimate = −0.400 ± 0.007, z = −56.910, p ≤ 0.001; type-A versus type-C estimate = −0.342 ± 0.008, z = −48.348, p≤ 0.001; type-B versus type-C estimate = 0.058 ± 0.007, z = 8.241, p ≤ 0.001). Importantly, our results also confirmed the presence of significant differences in the duration of the three syllables (LMM full versus null: χ2 = 14 683.85, d.f. = 2, p < 0.001), with the shortest elements being the type-A (mean ± s.d. = 0.210 ± 0.053 s), the longest the type-B (1.163 ± 0.304 s) and the type-C of intermediate duration (0.304 ± 0.125 s).
We found that the number of syllables of the EDS (sequence size) had an effect on the duration of the syllables (LMM full versus null: χ2 = 5.843, d.f. = 1, p < 0.001). However, we found that this effect was due to a variation in the type of syllables constituting the song, with sequences made of more elements having a far greater number of the short type-A (LMM full versus null: χ2 = 705.48, d.f. = 1, p < 0.001; estimate = 0.794 ± 0.012; figure 2a ), increased number of inhaling type-C (LMM full versus null: χ2 = 133.79, d.f. = 1, p < 0.001, estimate = 0.178 ± 0.015; figure 2a) and only slightly more long type-B units (LMM full versus null: χ2 = 10.27, d.f. = 1, p < 0.001, estimate = 0.032 ± 0.010; figure 2a ). Moreover, we found that neither type-A (LMM full versus null: χ2 = 0.073, df = 1, p = 0.786; figure 2b) nor type-B (LMM full versus null: χ2 = 0.511, d.f. = 1, p = 0.474; figure 2b) syllables shorten in duration with respect to the number of elements constituting the sequence, although an effect was detected for the inhaling type-C (LMM full versus null: χ2 = 32.498, d.f. = 1, p < 0.001, estimate = −0.005 ± 0.001; figure 2b ).
Discussion
Our results demonstrate that EDS of the African penguin follow Zipf's Law of Brevity and the Menzerath-Altmann Law. This is the first compelling evidence for conformity to linguistic laws in vocal sequences of a non-primate species. As predicted, we found that the duration of the syllables was inversely correlated with the frequency of occurrence. In particular, we found the short type-A as the most frequent and the long type-B as the least frequent in the ecstatic display songs. This conforms to the universal principle of compression, which states that the most frequently used elements in communication systems tend to be the shortest [33] . However, it is important to note that, in this case, the conformity has only been tested in a subset of the vocal repertoire (i.e. EDS), where the elements are repeated stereotypically and consecutively. We also found that the sequences appear to reflect the Menzerath-Altmann principle, whereby larger constructs (vocal sequences) are made of smaller size constituents (syllables) [34] . Indeed, the number of syllables constituting the EDS (i.e. sequence size) was negatively correlated with the average duration of their constituting syllables. However, we found that larger sequences (with more acoustic elements) were not achieved by a global reduction in the duration of all syllable types, but rather by a change in their composition: larger sequences were achieved by including a larger number of the short type-A syllables (of normal duration), rather than by shortening the duration of syllables across all syllable types. Similar conformity has been observed in vocal sequences of male geladas (T. gelada), where the emission of sequences with a greater number of calls is also achieved by increasing the number of shorter call types, probably reflecting energetic/ breathing constraints on vocal production [2] .
Analogies between the frequency of use and duration of acoustic elements in human language and animal vocalizations are highly debated [8, 9, 35] . In the absence of lexical syntax [36] , the duration of non-human animal vocalizations is likely to mainly result from selective pressures favouring the encoding and transmission of indexical information according to species-specific ecological needs. For example, long and high-amplitude vocalizations are efficient for long-distance communication [37] , while short and lowamplitude calls are likely to occur in behavioural contexts where individuals are close to each other since they attenuate shortly in the environment [38] . In this respect, penguins provide an interesting model, as they breed in large and noisy colonies, where recognition occurs at a close distance and is mediated by display songs [24] . Here, the presence of redundant acoustic elements (syllables) has been attributed to the Shannon information theory [39] , where multiple (identical) units improve the probability of receiving a message in a noisy environment [40] . In the non-nesting king penguin (Aptenodytes patagonicus), which breeds in sub-Antarctic islands, the playback of one-third of a single syllable is sufficient to allow individual recognition [24] , which indeed shows that individual identity information is redundant both between and within syllables. However, African penguins have completely different habits and breed in temperate areas with a far less constraining environment, where wind blows do not dramatically affect the signal-tonoise ratio and where visual cues provided by the nest assist and support the vocal recognition in dense colonies [41] . In such contrasting conditions, removing the redundant information encoded within syllables is likely to be favoured by natural selection, as minimizing the length of the elements can be assumed to reduce the energetic cost of signal production. However, repeating the same syllable multiple times guarantees the information redundancy within the sequence and minimizes the chance of sending the information overlapped with other individuals vocalizing at the same time.
Banded penguins are nesting species with an unusual colonial lifestyle, in that they are highly territorial and build nests in underground burrows which they excavate themselves under rocks, bushes or in guano [41] . Consistent with the breeding ecology of these species, in addition to individual recognition, the EDS also play a key role in mediating territorial defence and mate choice [19, 41] . Favaro et al. [25] showed that the duration of the long type-B syllables is an 'honest signal' that correlates with body dimension of the emitter in the closely related Humboldt (Spheniscus humboldti) and Magellanic (S. magellanicus) penguins, potentially reflecting the capacity of the lungs and aerial sacs. In the African penguin, the duration of the type-B syllable might therefore be subject to similar sexual selection pressures for the communication of respiratory capacity, preventing the shortening of this acoustic unit. However, we found that type-C syllables tend to vary in duration with respect to the number of acoustic elements of the song. We suggest that the duration of this type of syllable reflects the breathing constraints following the emission of the preceding units. Indeed, preliminary analyses indicate that type-C syllables following type-A syllables are shorter (mean ± s.d. = 0.19 ± 0.06 s) than those following the type-B (0.37 ± 0.11 s). As such, an increase in the number of type-A syllables would result in an overall shortening of the duration of type-C syllables.
To conclude, our findings provide the first evidence for conformity to Zipf's and Menzerath-Altmann linguistic laws in vocal sequences of the African penguin. We suggest that relationships between element duration, frequency of use and song size are mainly a consequence of vocal production constraints interacting with selective pressures from intersexual mate choice and territorial defence in dense colonies. Importantly, our results suggest for the first time that information compression can coexist with other sources of selection in a non-primate species with a small and relatively fixed vocal system.
